We have isolated the membranes of the protein storage vacuoles (protein bodies) from Phaseolus vulgaris cotyledons and purified an integral membrane protein with M, 25,000 (TP 25).
Seed development is characterized by the accumulation of large amounts of protein in protein storage vacuoles (protein bodies) in the parenchyma cells of seed storage tissues, such as the cotyledons or endosperm. These modified vacuoles may contain storage proteins, lectins, and enzyme inhibitors as well as a complement of acid hydrolases similar to that normally found in the large, central vacuoles of leaf and root parenchyma cells. Since these protein storage vacuoles constitute the lytic compartment of the cell (17) , their limiting membranes (tonoplasts) must remain intact during the dehydration/rehydration sequence that characteristically occurs between developmental arrest and germination of seeds.
Several biochemical studies of the membranes surrounding protein storage vacuoles have been made (12, 18) . Pusztai et al (14) were the first to identify a hydrophobic protein with Mr 25,000 in the protein body tonoplast of Phaseolus vulgaris cotyledons. Maeder and Chrispeels (11) showed it to be an integral tonoplast protein synthesized on the rough endoplasmic reticulum. We have purified this protein, hereafter ' Supported by grants to M. J. C. from the National Science Foundation (Metabolic Biology) and to E. M. H. and M. J. C. from the U.S. Department of Agriculture (Genetic mechanisms for crop improvement).
2On leave from the Department of Biology, San Diego State University, San Diego, CA 92182. called TP 25,3 and with antibodies raised against it, studied its intracellular and tissue distribution as well as the presence ofcross-reactive proteins in the storage tissues ofother species. We report here that TP 25 is an abundant, integral membrane protein that is highly conserved among different species and is present only in seeds.
MATERIALS AND METHODS

Plant Material and Chemicals
Plants of Phaseolus vulgaris L. cv Greensleeves and Nicotiana tabacum L. cv Xanthi were grown in a greenhouse. Because the conditions of growth are not uniform throughout the year, we determine the stage of seed development of the beans by the weight of the seed rather than DAF. Midmatur Triton X-1 14 Treatment
The resuspended tonoplasts (3 to 6 mg/mL protein) were adjusted at 0°C to a final concentration of 2% (w/v) Triton X-1 14 using a 16% stock of precondensed detergent. The procedure described by Pryde and Phillips (13) Lowry et al. (10) . After TCA precipitation, the protein pellet was dissolved in 2% (w/v) Na2CO3/0.1 M NaOH and incubated 1 to 2 h at 37°C. After complete dissolution, aliquots were assayed for protein.
PAGE and Immunoblotting SDS-PAGE was carried out using 15% (w/v) polyacrylamide gels according to Laemmli and Favre (8) . Protein samples were incubated in denaturing buffer for 15 7 .4], 150 mm NaCl, 0.05% Tween-20) for 10 min at room temperature. The grids were then labeled in a 1:50 or 1:100 dilution of TP 25 antiserum in the blocking buffer for 30 min at room temperature. Parallel controls using identical dilutions of preimmune serum accompanied each assay. The grids were then washed with TBS Tween and indirectly labeled with S nm colloidal gold-goat anti-rabbit IgG conjugate (Janssen Life Sciences Products) for 5 min at room temperature. The unbound gold particles were then washed offby sequential immersion ofthe grids in TBS Tween and distilled water, and the grids were stained in 5% (w/v) uranyl acetate for 20 min at room temperature. The grids were examined and photographed with Hitachi H300 and H500 electron microscopes.
RESULTS
TP 25 Is An Abundant, Integral Tonoplast Protein in Legume Cotyledons
Protein body membranes (tonoplasts) were isolated from cotyledons of late-maturation bean seeds (700 mg per seed or 24 DAF) and extracted with 2% Triton X-114 to separate the predominantly hydrophobic, integral membrane proteins (detergent-rich phase) from the more hydrophilic, peripheral, or adherent proteins (aqueous phase). Equal amounts of protein from tonoplasts and the detergent fractions were then analyzed by SDS-PAGE (Fig. 1) . Most of the abundant polypeptides associated with the tonoplast preparation partitioned into the aqueous phase. A notable exception is the polypeptide at Mr 25,000 (arrowhead in Fig. 1 ), which became enriched in the detergent phase. We refer to this protein as TP 25. Our results agree with earlier findings (11, 14) that TP 25 is a hydrophobic, integrl tonoplast protein. We purified TP 25 by preparative SDS-PAGE and obtained a rabbit polyclonal antiserum against the electroeluted protein. Figure 2A shows an immunoblot of various cell fractions and Triton X-1 14 phases from midmaturation bean cotyledons using the antiserum against TP 25. Preimmune serum elicited no immunostaining reaction (data not shown). It is clear that TP 25 became enriched in the tonoplast fraction, and virtually all of this protein partitioned into the detergentrich phase. The mobility of TP 25 in the enriched fractions is slightly greater than in the total protein extract. A lower band at Mr 23,000 often appeared on immunoblots. To check the specificity of our antiserum, we eluted antibodies from these two polypeptide bands after visualization on an immunoblot according to the method of Smith and Fisher (16) . The bandspecific antibody fractions were then used to probe fresh blot strips of total bean cotyledon proteins. Each set of antibodies stained both polypeptides at the same relative intensities elicited by the unfractionated antiserum. This finding indicates that TP 25 is antigenically related to the smaller polypeptide. Figure 2B shows an immunoblot of varying amounts of gel-purified TP 25 immunostained with the antiserum. By comparing the intensity of the TP 25 band for 3 gg of total extractable protein ( Fig. 2A) against the intensities of known amounts of pure TP 25 (25-100 ng), we estimate the abundance of this protein to be approximately 2% of the total extractable protein of mature cotyledons. Figure 3 shows that the antiserum against bean TP 25 recognizes polypeptides with similar Mr values from the mature cotyledons of other legumes: soybean (lane 1), pea (lane 2), and mung bean (lane 4). The cross-reactive protein from mung bean cotyledons copurifies with protein body membranes and partitions into the Triton X-1 14 detergent-rich phase (data not shown). Because of this remarkable crossreactivity (the polypeptides were similar in size and immunoreactivity) and because thin sections of soybean cotyledons were available, we examined the subcellular location of TP 25 by immunocytochemistry using soybean seeds (Fig. 4) . In the cotyledon parenchyma cells, the membranes surrounding a protein storage vacuole became abundantly labeled with gold particles when ultrathin sections were treated with TP 25 antiserum followed by goat anti-rabbit immunoglobulin G coupled to colloidal gold (Fig. 4a) . There was relatively little labeling of the vacuolar content (protein body matrix). The tonoplast of the axis cells also labeled intensely (Fig. 4b) , while controls (Fig. 4c) (Fig. 7) . Two days postimbibition the immunoblot signal for TP 25 from embryonic axes is quite strong. At later stages of seedling development, the shoot and root systems were analyzed separately. Residual TP 25 was evident in both developing shoots and roots after 4 and 6 d ofgrowth, but the signal strength declined steadily and became undetectable after eight days of growth. To examine the fate of TP 25 in the cotyledons, we harvested bean cotyledons at 2 d intervals after imbibition. TP 25 disappears rapidly from the cotyledons after germination (Fig.  8) , although a possible breakdown product persists longer.
Both the developing cotyledons and embryonic axes of legume seeds synthesize storage proteins and lectins. There is, however, a large difference in the amount of storage protein accumulated, and in the appearance of the protein storage vacuoles in these two organs. In cotyledons, phaseolin accounts for approximately 50% of the total protein present, while it comprises only about 1% of the total protein in embryonic axes (9) . The level of PHA in the axis is about 10% of that found in the cotyledons of beans (4). Furthermore, while the protein bodies of cotyledons are filled with densely packed proteins, those found in the axis tissues show a sparse, patchy network of electron-dense material (4) (also compare Fig. 4, a and b, for soybean) . Does the quantitative distribution of TP 25 in these two tissues parallel that for the storage proteins? Figure 9 shows the results of an experiment designed to assess the relative amounts of TP 25 (lanes 1 (1 1,  14) . This characterization is based on its insolubility in aqueous buffers lacking detergent, its preponderance of hydrophobic amino acids as shown by amino acid composition analysis (14) , and its resistance to extraction from its membrane environment by 10 mm NaOH (1 1). Our finding that TP 25 partitions into the detergent-rich phase of Triton X-1 14-extracted tonoplasts (Fig. 1) corroborated the earlier conclusions, and made the task ofpurifying the polypeptide rather straightforward (TP 25 accounted for more than half of the detergent-soluble protein from tonoplasts; see Fig. 1 ). We were thus able to obtain a sensitive and relatively specific polyclonal antiserum against this protein, which led to the experiments reported herein.
Specificity of the Antiserum
The antiserum raised against gel-purified TP 25 clearly recognizes this polypeptide in a bean cotyledon extract. Other cross-reactive polypeptides, however, were also evident on most immunoblots, including a major antigen at Mr 23,000 (see Fig. 2A, middle lanes; Fig. 6 , lanes ct and ax; Figs. 7 and 8; Fig. 9, lane 2) . To determine whether TP 25 and the 23 kD polypeptide are antigenically related, we used the Smith and Fisher (15) procedure to elute specific antibodies bound to each polypeptide on preparative immunoblots, then subjected fresh blot strips containing total SDS-PAGE-separated cotyledon protein to each purified antibody fraction. Because both band-specific antibody eluates recognized both antigens with a staining pattern similar to that elicited by the unpurified antiserum, we conclude that TP 25 and the 23 kD polypeptide (Fig. 3, lane 3; Fig. 5 , lanes 3-5; Fig. 6, lanes ct and ax-, Fig. 7 , lane Axis). The intensities of these diffuse bands tended to increase with the amount of TP 25 loaded on the gel and increased dramatically when the protein samples were heated at 100°C rather than the usual 37°C before loading. We believe that these higher-molecularweight bands represent (1) . These proteins have been postulated to play a role in protecting the cytoplasm from desiccation damage. A similar role has been postulated for small molecules (e.g., sucrose and raffinose) that accumulate to relatively high levels in embryos (7) . It is reasonable to expect that membranes (tonoplast and plasma membrane) that must withstand desiccation and rehydration may have special lipids and proteins. Storage protein vacuoles have been shown to be unusually rich in sterols (6), but it is not known whether these lipids perform a role in membrane stabilization. The presence of a highly conserved protein in the vacuolar membranes of all seeds that we have examined (with the exception of cycads) leads us to propose a protective role for TP 25. Such a general role in seed physiology is consistent with its abundance and its presence in both the gymnosperms (pine) and angiosperms. We propose to test this hypothesis by expressing antisense TP 25 behind a strong seed-specific promoter in transgenic tobacco and examining the capacity of the seeds to withstand desiccation and rehydration.
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